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lerosnace industry have been assessing the economic viability and 


environmental acceptability of a second-generation supersonic civil transport, or High Speed Civil 
Transport (HSCT). Environmental acceptability in terms of airport community noise and economic 
viability are critical elements in this endeavor. Development of a propulsion system that satisfies 
strict airport noise regulations (FAR36 Stage III levels), at acceptable performance and weight, is 
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Since 1986, NASA and the U.S. aerospace industry have been assessing the economic viability and 
environmental acceptability of a second-generation supersonic civil transport, or High Speed Civil 
Transport. Environmental acceptability (in terms of airport community noise) and economic 
viability (in terms of a high-performance, lightweight propulsion system) are critical elements in 
this endeavor. Development of a propulsion system that satisfies strict airport noise regulations 
(FAR36 Stage III levels) and provides high levels of cruise and transonic performance with adequate 
takeoff performance, at an acceptable weight, is critical to the success of any HSCT program. 

In support of HSCT development, GEAE, under contract to the NASA Lewis Research Center 
(NAS3-25415), conducted this Low Noise Exhaust Nozzle Technology Development program. The 
principal objectives were to: 

1. Develop a preliminary design of an innovative 2D exhaust nozzle with the goal of meeting 
FAR36 Stage HI noise levels and providing high levels of cruise performance with a high 
specific thrust cycle for a Mach 2.4 HSCT with a range of 5000 nmi and a payload of 5 1 ,900 
Ibm, for example: GEAE’s GE21/F14 variable-cycle engine (VCE) study L1M. 

2. Employ advanced acoustic and aerodynamic codes during preliminary design. 

3. Develop a comprehensive acoustic and aerodynamic database through scale-model testing of 
low-noise, high-performance, 2D nozzle configurations, based on the preliminary design 
developed in Objective 1 above. 

4. Verify acoustic and aerodynamic predictions by means of scale-model testing. 

Objectives 1 and 2 were achieved during the Base Program of the contract, and the results are 
documented in Reference 1; significant conclusions are summarized below:. Objectives 3 and 4 
were achieved as part of the Optional Program of the contract and are documented in this report. 

& Preliminary design of a two-dimensional, convergent/divergent (2DCD) suppressor ejector 
nozzle for a VCE powered (nominal airflow of 700 Ibm/s at sea level), Mach 2.4 HSCT was 
evolved. It has the following key acoustic, aerodynamic, and mechanical design features: 

® Twenty-chute suppressor with an 80-in long, acoustically treated ejector flap 
® Convergent/divergent chutes 
® Aerodynamically efficient ejector/chute inlet 
* Nozzle weight of 5065 Ibm with six actuators 
m The following aero/acoustic performance was projected using existing codes and data bases: 

® Predicted noise suppression of 16.9 EPNdB at Vj = 2900 ft/s 
® Predicted uninstalled supersonic Cf g = 0.978 (without leakage) 

® Goal uninstalled takeoff Cf g = 0.95. 

^ FAR36 Stage HI noise goals were predicted to be achievable for three takeoff scenarios: 

a. Without program lapse rate (PLR) at 768 ,564 Ibm takeoff gross weight (TOGW) 

b. With PLR at 738,856 Ibm TOGW 

c. With PLR and 10% increase in takeoff lift/drag ratio at 708,146 Ibm TOGW 
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Program for the GE21/F14 Study L1M VCE to power a Mach 2.4 HSCT with a 5000-nmi range 
and a payload of 51,900 Ibm. The nozzle is depicted in the takeoff position; the mixer chutes are 
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of high-velocity jet is preferred. The decision to entrain larger amounts of ambient air at the risk of 
having a center streak of high-velocity primary jet was chosen as the preferred design feature for 


acoustic test programs. 


Figure 4 is a photo of the exhaust system scale model with one sidewall removed, and Figure 5 is 
a schematic of the exhaust system model. It was recognized early in the program that efficient 



ramp has a very gentle radius and a shallow angle of approximately 26° to the horizontal. More 
recent mechanical designs and interactions with Boeing on installation considerations near the wing 



secondary flow passage. 
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Based on these key dimensions, the following overall geometric parameters are defined. 

Primary Nozzle Throat Area : A p g = (hg - h gap ) x w p g x 2 n + 2 x h gap x W9 

Secondary Flow Area at Throat Plane : As 3 — (Knix ~ hgap) x w j8 x 

By definition, the wall thicknesses of the chutes axe included in the secondary flow chute width. Note 
that the height of the secondary flow passage used in the above definition is based on hmix- 

Total Mixed-Flow Area : A m = A p g + A 5 g = 2 X hmix Xwg-2nx (hmix - hg) x w p g 

The total mixed-flow area is defined as the sum of the primary and secondary flow areas at the throat 
plane. This is also equivalent to the total flow area at the mixing-plane location minus the projected 
areas of the fingers or primary-chute extensions. A simpler definition could have been the total area 
downstream of the finger/primary chute extensions (2 x h m x W9). For the purpose of this report, the 
differences between the definitions are insignificant and do not alter the conclusions. 

Primary Flow Area at Suppressor Exit : A p g9 = (hgg - k gap ) x w p 39 x2n + 2x h gap x W9 

Exhaust Nozzle Exit Area : A9 = 2 x hg x W9 

Suppressor Area Ratio : SAR = A^j* / A p g 

The suppressor area ratio is defined as the ratio of the mixed-flow area to the primary nozzle throat 
area. SAR plays an important role in the pumping characteristics. Larger SAR’s lead to higher 
pumping and correspondingly reduced exhaust jet velocities. However, for a given primary mass 
flow/throat area, a larger SAR also implies a larger and heavier nozzle. 

Chute Expansion Ratio : CER = A p 39 / A p g 

The chute expansion ratio is defined as the ratio of the primary flow area at the suppressor exit to 
the primary throat area. CER represents the degree of expansion achieved by the primary flow inside 
the suppressor chutes. An ideally expanded primary jet that matches the internal back pressure is 
expected to reduce internally generated shock noise and improve performance. A CER of 1 .0 implies 
that the primary flow throat is located at the exit of the suppressor chutes. Please note, this definition 
is based on gross parameters defined at the throat and exit of the chute primary flowpath; any 
significant variation in local chute geometry should be considered in evaluating the effect of CER. 

Mixing Area Ratio : MAR = A9 / A ra i x 

The mixing area ratio is defined as the ratio of the overall exhaust system exit area to the mixing 
plane area. 

Ejector Length : L ej is the length of the ejector (divergent flap) as measured from the suppressor 

exit plane to the exit of the overall nozzle. Longer ejectors increase acoustic-treatment area, which 
can effectively suppress the internally generated noise and aid in meeting the noise goals, at some 
increase in overall exhaust system weight and performance penalty. 


3.3 Key Performance Parameters 

Key performance parameters are listed in this section. Data-reduction procedures are not discussed 
in detail; however, the basic approach and assumptions are described to facilitate understanding of 
the significance and limitations of results. 
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Free-Stream Conditions - The free-stream conditions defined below include directly measured as 
well as calculated parameters. They are the same for both the acoustic and performance tests. In 
general, the primary difference between the wind tunnel and free-jet testing is that the wind tunnel 
tests were carried out at constant free-stream total pressure while the free-jet acoustic tests were 
carried out at constant ambient static pressure. 

Mq Free-stream Mach number, calculated 

Ptq Free-stream total pressure, measured (psia) 

Pq Free-stream or ambient static pressure, measured (psia) 

Tjo Free-stream total temperature, measured (°R) 

To Free-stream static temperature, calculated (°R) 

Pjp Primary nozzle inlet total pressure, measured (psia) 

Tjp Primary nozzle inlet total temperature, measured (°R) 

W p Primary nozzle weight flow (lbm/s), calculated in acoustic test facility and 

measured in wind tunnel performance tests 

W p i Primary nozzle ideal weight flow, calculated (lbm/s) 

NPR Primary nozzle pressure ratio, calculated as Pj p /Pq 

Vj Primary nozzle ideal jet velocity, calculated based on NPR and Tfp 

Fi Primary nozzle ideal thrust based on measured weight flow rate, x Vj 

Pt s Secondary inlet total pressure, measured (psia) 

W s Secondary inlet weight flow, calculated (lbm/s) 

F-D Measured thrust minus drag corrected for balance tares 

F-D noz Measured thrust minus nozzle drag (deduced from above) 

Wj Total nozzle flow rate: sum of primary + secondary, W p + W s (lbm/s) 


Coefficients - From the above parameters, the following coefficients are deter m ined. 

Gog Primary nozzle flow coefficient defined as the ratio of measured primary 
nozzle flow rate to the ideal primary nozzle flow rate: W p /Wf 

Q-Dnoz Thrust minus nozzle drag coefficient defined as the ratio of measured 

nozzle thrust minus drag to the primary nozzle ideal thrust: ( F—D mz ) /Fi 

Cf g Nozzle thrust coefficient, estimated for the static case only. (Total external 

drag and ram drag due to secondary flow entrainment are zero at static 
conditions.) Same as Cf-Bnoz f° r static case. 



Pumping ratio, defined as the ratio of secondary to primary flow rates: 


Corrected pumping ratio: (W s / W p 
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3. To ensure that model-scale Reynold’s numbers are sufficiently large to 
adequately represent dominant full-scale flow phenomena such as boundary 



a large radius — designed to accommodate the large variations in mass flow ratios to be encountered 
in the test configurations due to changes in SAR (2.8 to 3.9) as well as large variations in primary 
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® Twenty convergent/divergent aligned chutes with a CER of 1.43 at SAR — 3.3 to entrain more 
ambient air than the baseline and potentially reduce noise further. 

® A mini wedge that essentially blocked off the center streak of high-velocity primary jet (see 
Figure 14). 

® Acoustically treated center wedge with a porous surface at the wedge, starting at the leading 
edge, to further increase the acoustically treated surface area for noise reduction (see Figure 15). 

The above acoustic risk-reduction features are expected to impact nozzle aerodynamic performance. 
The scale-model aerodynamic performance test program (see Section 3) included all of the above 
configurational variants to enable assessment of trades between enhanced noise suppression and Cf g . 

In order to assess noise reduction due to acoustic treatment on the ejector flaps and sidewalls, a 
treatment tray design based on past experience (Reference 2) was fabricated. The treatment trays 
are designed to fit within shell structures of the flaps, sidewalls, and center wedge. Typical tray 
design is shown in Figure 16, and details are described. 

The above treatment is not representative of a full-scale design. The companion ejector liner 
treatment program is screening several designs for application to the full-scale engine in a duct 
environment for impedance and insertion-loss characteristics and will be recommending more 
realistic treatment designs for future demonstration in Generation 2 nozzle designs. The current 
nozzle test program basically employed proven experience in treatment design. 


4.1.2 Model instrumentation 

The model instrumentation details are shown in Figures 17 through 22. Figure 17 is a schematic of 
the nozzle cross section with all of the instrumentation. Figures 18 through 22 illustrate the detailed 
model instrumentation and locations. 

The secondary flow inlet instrumentation consisted of one row of static pressures along the inlet 
ramp (Figure 18) continuing into the suppressor chute (Figure 19) secondary flowpath. The static 
pressures inside the suppressor chute were located on the base of the secondary flow side and were 
staggered over many suppressor chutes to avoid significant interference with the flow field. Another 
row of static pressure taps along the inlet scoop side (Figure 20) continued along the flap (Figure 
21) inside the ejector to the exit of the nozzle. This row of pressure taps was located at the secondary 
flow centerline of the chute. There is an additional row of static pressure taps along the inside of the 
flap from suppressor chute exit to the flap trailing edge, aligned with the centerline of a chute 
primary flowpath. 

In addition to these static pressures, there were three total pressure rakes with eight elements each 
(Figure 22) in the ejector inlet. There were also two wall static pressures each at these rake locations 
(one on the scoop side and the other on the ramp side). The rake total pressures along with the wall 
statics were used to estimate the secondary mass flow rate. 

The primary flow total pressure and total temperature at the charging station upstream of the test 
nozzle were measured by facility instrumentation, along with the free-jet and ambient conditions 
required to evaluate the data. 

There were additional pressure and temperature diagnostic instrumentation that are not used in the 
data analysis. 
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The GEAE Cel! 41 anechoic free-jet jet noise facility, Figure 23, is a cylindrical chamber 43-ft 
diameter and 72-ft tall. The inner surfaces of the chamber are lined with anechoic wedges made of 
fiberglass wool to render the facility anechoic above 220 Hz. The facility can accommodate 
dual-flow mode] configurations up to 22 in 2 and 24 in 2 equivalent throat areas in the inner (core) 
and outer (fan) flow streams respectively. The corresponding throat diameters for the two streams 
are 5.3 and 5.5 in. The streams of heated air for the dual-flow system, produced by two separate 
natural gas burners, flow through silencers and plenum chambers before entering the test nozzle. 
Each stream can be heated to a maximum of 1960°R with nozzle pressure ratios as high as 5.5, 
resulting in a maximum jet velocity of 3000 ft/s. 

For this test program, a single-stream nozzle setup is used for all configurations (2D mixer/ejector 
nozzle and reference conic nozzle), and the flow is provided through the core bumer/flow delivery 
plenum system. 

The free-jet air stream system (flight simulation) consists of a 25Q,GGQ-standard-ft 3 /min (at 50-in 
water column static pressure) fan and a 3,500-hp electric motor. The transition duct and silencer 
route the air from the fan discharge through the 48-in diameter, free-jet exhaust. The silencer reduces 
the fan noise by 30 to 50 dB. Free-jet airflow at maximum delivery rate permits simulation up to 
a Mach 0.4 free jet. Mach number is varied by adjusting the fan inlet vanes. The combined model, 
free-jet, and entrained airflow is exhausted through an exhaust stack silencer aligned directly over 
the model in the ceiling of the chamber. The exhaust stack is acoustically treated to reduce noise 
transfer from the facility to the surrounding community. 

The facility is equipped with two microphone systems (see Figures 23 and 24) to measure the 
acoustic characteristics of the test models in the farfield: a fixed array and an array on a traversing 
tower. The fixed array has 16 microphones mounted from the false floor, the wall, and the ceiling 
of the test cell, at an azimuthal angle (<j>) of 60° relative to the 2D nozzle major axis. These fixed 
microphones provide measurements at a minimum distance of 26.75 ft from the nozzle reference 
location and cover the polar angle range of 0 = 50° to 155°. The traversing tower contains 13 
microphones, mounted at polar angles ranging from 45° to 155°, and provides measurements at a 
minimum distance of 22 ft from the nozzle reference location. The traversing tower runs on tracks 
mounted on the floor of the test facility and can be remotely positioned at any azimuthal angle from 
5° to 115° with respect to the fixed microphone array (see Figure 24). However, to ensure 
noninterference from proximity to wedges in the extreme positions, data acquisition is normally 
limited to 4> = 15° to 110°. 


Scale-model acoustic and laser velocimetry measurements were conducted in GEAE’s Cell 41. 
Figure 25 compares the exhaust nozzle total temperatures and nozzle pressure ratios of several 
candidate HSCT engine cycles along with the VCE-L1M cycle. Deviations are significant only after 
initiation of afterburning. Hence, the VCE-L1M was selected as a representative cycle for the 
acoustic test program. 

Figure 26 shows how the VCE-L1M cycle was simulated in Cell 41 , along with variations from the 
nominal cycle to investigate the effect of jet density on the jet noise characteristics of the 
mixer/ejector. This figure shows that Cell 41 has a facility temperature limit of 1960°R and can 
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simulate the L1M cycle with a proper combination of total temperature and nozzle pressure ratio 
up to an ideal jet velocity of about 2600 ft/s. Ideal jet velocities beyond 2600 ft/s are simulated in 
Cell 41, for the VCE-L1M cycle, by keeping the total temperature at 1960°R and increasing the 
nozzle pressure ratio. This is not considered to be a serious handicap in terms of cycle simulation 
because the technical interest in very high-specific-thrust cycles has diminished significantly since 
the inception of the program, and deviations from the cycles are only small up to 3000 ft/s, which 
is probably the highest jet velocity of interest. 

Figure 27 is a flow chart describing acoustic data processing to project the model-scale data acquired 
in Cell 41 to full scale. Table 2 is a summary of the acoustic testing, and Table 3 summarizes the LDV 
testing. 


This section summarizes the significant results of the acoustic and LDV testing and interpretation 
of the measured results and projections to full-scale noise levels. Full-scale EPNL projections for 
mixer/ejector nozzles are compared on an absolute level basis with the FAR36 Stage 3 noise rules 
to assess jet velocities at which Stage 3 levels are satisfied. Full-scale EPNL values are computed 
for a level flyover and a constant aircraft Mach number for a single-engine, free-field situation. 

GEAE estimates the system noise corrections to the above EPNL values to be +4.0 EPNdB at the 
sideline monitor, to account for four engines, engine-to-engine shielding, extra ground attenuation 
(EGA), and soft-ground reflection. 

Different airframe and engine manufacturers have their own proprietary system-noise correction 
procedures. Hence, GEAE decided to publish EPNL values on a single-engine, free-field basis to 
avoid ambiguity and also to permit other organizations to apply whatever system-noise correction 
procedures they normally employ to interpret these acoustic data. 
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Note: All laser velocimetry testing was conducted with hard wall and no centerbody/wedge. 


Following is an outline of the subsections: 

4.2. 1 Influence of Suppressor Area Ratio 

4.2.2 Influence of Mixing Area Ratio 

4.2.3 Influence of Acoustic Treatment 

4.2.4 Influence of Ejector Flap Length 

4.2.5 Influence of Treated Center Wedge 

4.2.6 I n fluence of Flight Mach Number 

4.2.7 Azimuthal Acoustic Characteristics 

4.2.8 Influence of Jet Temperature on Ejector Flowfields 


4.2.1 Influence of Suppressor Area Ratio 

SAR is defined as the ratio of mixing plane area (the sum of primary and secondary flow areas at 
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configurations in scale-model dimensions; other pertinent dimensions and linear scale factors are 
shown for configurations with and without the center wedge. In order to keep hardware costs down 
and permit hardware adaptability to investigate several geometric features, two chute racks of 
slightly different primary stream throat areas (19.13 and 22.16 in 2 ) were fabricated while keeping 
the rest of the hardware the same. 

Figure 29 compares the measured EPNL of the SAR 3.3 and 2.8 configurations, with the reference 
conic (RC) nozzle. EPNL is shown as a function of ideally expanded jet velocity of the primary 
stream (based on isentropically expanding the primary stream to ambient pressure for a given 
stagnation temperature and nozzle pressure ratio) along the VCE— L1M cycle (see Figure 26), at a 
free-jet Mach number of 0.32 (Vq = 360 ft/s). 

The acoustic data for the mixer/ejector nozzle are presented at an azimuthal angle ((f)) of 25° relative 
to the major axis of the 2D nozzle, which corresponds to the typical location where the sideline noise 
peaks at an altitude of 689 ft and a sideline distance of 1476 ft. EPNL values are quoted on the basis 
of a single-engine, free-field noise for a level flyover. Boeing’s airplane studies have indicated that 
a typical HSCT powered by a low-to-moderate bypass ratio MFTF or VCE have TOGW in the range 
of 720,000 to 750,000 ibmu FAR36 Stage 3 noise level for the 750,000-lbm TOGW airplane is 102.5 
EPNdB, which translates to 98.5 EPNdB on a single-engine, free-field basis. For jet velocities below 
2450 ft/s, the SAR 2.8 nozzle is slightly quieter than the SAR 3.3 nozzle, but the trend reverses for 
jet velocities higher than 2500 ft/s. At a jet velocity of 2400 ft/s, an EPNL noise suppression of about 
18 to 18.5 EPNdB is achieved relative to an RC nozzle. Both configurations meet FAR36 Stage 3 
sideline noise levels for jet velocities < 2400 ft/s, under assumed system noise corrections of +4 
EPNdB over single-engine, free-field EPNL. 

The contribution of other noise components (such as turbomachinery, combustor, and airframe) 
ought to be accounted for in assessing total system EPNL for comparison with the FAR36 Stage 3 
rule. Initial projections of the impact of noise components other than exhaust jet are estimated to 
contribute approximately 1.5 EPNdB above the exhaust jet noise levels at typical takeoff sideline 
conditions. Hence, exhaust jet noise EPNL on a single-engine, free-field basis should be about 9 / 
EPNdB to meet a system EPNL of 102.5 EPNdB. This is achievable by the exhaust nozzle system 
tested, as indicated in Figure 29, for jet velocities less than or equal to 2400 ft/s. At lower jet 
velocities there is additional noise margin relative to Stage 3 rales, but this results in a larger engine, 
for a given thrust requirement, and a heavier airplane — which adversely affects the economics. The 
noise levels corresponding to the larger engine will increase by 10 times the logarithm of the ratio 
of the engine airflow sizes. This should be factored in while assessing noise margin for lower jet 
velocity designs. 

The noise-generation mechanisms of 2D mixer/ejector nozzles are complex. Precise quantification 
of these mechanisms is beyond the scope of the current program. Internal noise is generated by 3D 
turbulent mixing of primary and secondary streams, imperfect expansion of the primary jet, eddy 
Mach wave radiation due to potentially highly supersonic flows just downstream of the mixing 
plane, noise leakage through the ejector inlet, and noise radiation of convecting turbulent eddies - — 
as well as duct-termination effects. External noise generation (downstream of the nozzle exit plane) 
is influenced by exit plane mean and turbulence profiles along with the decay rate of the external 
plume and aspect ratio of the nozzle. The relative domination of internal and external noise 
contribution depends on levels of pumping, mixing rates, primary jet velocity, ejector length, 
treatment effectiveness, and flight effects. 
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data as well as diagnostic flowfield data in terms of secondary flow entrainment, static pressure 
distributions, and jet plume velocity are shown next to interpret the noise suppression of these two 
configurations at three jet velocities. 


Figure 30 compares the measured pumping ratio (W s /W p ) along the VCE-L1M cycle for SAR 2.8 
and 3.3 nozzles. The secondary flow is computed based on the three 8-element total pressure rakes 
mounted in the secondary inlet area, and the primary flow is computed based on facility rake total 



Figure 33 shows typical LV traverse locations at the mixer/ejector nozzle exit plane, and Figure 34 
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aerodynamic-mixing test aata presentea m Secuon o. 

The primary chute passages have an aspect ratio (height/width) of approximately 9.5 to 1 1.5, based 
on SAR (see Figure 28). Jet mixing for such high-aspect-ratio jets is dominated by shear-layer 
vorticity (due to large shear perimeter) instead of streamwise vorticity. In such instances, the hot 


vortical mixer design (Reference 3). Figure 36 shows that 


variations in the spanwise 


has been achieved by these designs at the nozzle exit plane. Both SAR’s indicate jet velocities are 


2.8 and 3.3 configurations at a jet velocity of 2400 ft/s, along with the RC nozzle data. Note the 
significant peak PMLT suppression as well as substantial PNLT suppression, both at forward and at 
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Spectral measurements for SAR 2.8 and 3.3 nozzles at 90° show similar features at the peak angle, 
but the levels are higher at the peak angle due to the eddy convection amplification that occurs in 
the aft quadrant but is minimal at 90°. The RC nozzle spectrum at 90° clearly shows the presence 
of shock noise peak at 315 Hz. 

Spectral data at 60° for SAR 2.8 and 3.3 do not show any clear trend. The conic nozzle spectrum 
shows the clear dominance of the shock noise in the forward quadrant with a peak frequency at 250 
Hz. The reduction of peak frequency associated with shock-associated broadband noise as angle to 
inlet axis is reduced from 90° is due to convection factor 1/(1 + M c cos 0), where M c is eddy 
convection Mach number and 6 is angle to the inlet axis (Reference 4). 

At 140°, the spectral contents of SAR 2.8 and 3.3 noise signatures are dominated by lower 
frequencies and spectral shapes resemble those of the conic nozzle, which is reflective of the mean 
flow shrouding of the high frequencies that occurs at shallow angles to the jet axis (which are 
typically in the so-called “shadow zone”). The lower frequencies do not suffer from such effects. 
(Reference 4 presents a detailed discussion.) Note that SAR 2.8 has slightly higher levels than SAR 
3.3 between 100 Hz and 1 kHz, probably due to higher exit velocity of the SAR 2.8 nozzle compared 
to the SAR 3.3 nozzle. Lower levels for SAR 2.8 nozzle for frequencies above 1 kHz are again 
attributable to lower “bulk mixing” for SAR 2.8 compared to SAR 3.3. 

Next, acoustic and flowfield features of SAR 2.8 and 3.3 nozzles are compared at a jet velocity of 
2637 ft/s, for a free-stream Mach number of 0.32. See Figures 33 and 34 for definition and location 
of LV traverse. 

The SAR 2.8 nozzle exhibits a peak jet velocity of about 1 800 ft/s compared to approximately 1 630 
ft/s for the SAR 3.3 nozzle along the minor axis (see Figure 39). Also, the SAR 2.8 nozzle exhibits 
more variation in maximum to minimum velocity than the SAR 3.3 nozzle. Note the presence of the 
center high-velocity jet that was not so prominent at a jet velocity of 2400 ft/s (Figure 35). These 
flowfield features indicate that, as primary jet velocity is increased, the higher pumping helps bring 
peak velocities lower and provide a more uniformly mixed exit profile. Also, at higher primary jet 
velocity, the center streak of high-velocity primary jet does not mix as effectively and could 
contribute significantly to externally generated noise. 

Figure 40 compares the velocity distributions along the nozzle major axis just downstream of the 
SAR 2.8 and 3.3 nozzles. The SAR 3.3 nozzle shows a more uniformly mixed-out profile compared 
to the SAR 2.8 nozzle in the spanwise direction (chute-to-chute direction), another indication that 
higher entrainment improves mixing as core velocity is increased. 

Figures 4 1 and 42 compare the PNLT directivity and spectral content at selected angles, respectively, 
for the SAR 2.8 and 3.3 nozzles and the conic nozzle at a primary core jet velocity of 2637 ft/s. It 
is clearly evident that, in terms of PNLT directivity, the SAR 2.8 nozzle is higher in PNLT levels 
than SAR 3.3 at all angles, resulting in a 2.5 EPNdB increase (Figure 29), which is most likely due 
to the higher nozzle exit velocity for the lower SAR nozzle due to reduced entrainment. As core 
velocity is increased, the eddy convection Mach number increases and the mixing effectiveness is 
reduced, resulting in higher nozzle exit velocities and relatively more unmixed velocity profiles. As 
a result the dominant jet noise sources are located external to the nozzle; hence, the externally 
generated noise becomes more significant than the noise generated internal to the ejector due to the 
primary and secondary mixing process. Thus, as core jet velocity is increased beyond a certain value, 
the SAR 3.3 nozzle is lower in noise level than the SAR 2.8 nozzle. 
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(due to lower S AR) probably results in similar or slightly lower levels of internally generated noise. 
The validity of this hypothesis will be assessed when effect of S AR at a lower jet velocity (2200 ft/s) 
is examined next. 



noise is more dominant, higher SAR nozzles tend to create higher noise levels due to inherently the 
higher bulk mixing associated with larger levels of entrainment. Note that, even at a shallow aft angle 
of 140°, the SAR 2.8 nozzle has lower higher frequency content. One does notice at shallow angles 
to jet axis (such as greater than or equal to 140°) the SAR 3.3 nozzle is quieter than the SAR 2.8 
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above. (See Figures 33 and 34 for definition and loc 

:ation of LV traverses discussed below.) 

Figure 48 compares velocity distributions along the i 
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Figure 49 compares the velocity distributions along the major (Z) axis, or chute to chute (Y = U), 
at the same axial location as for Figure 48 (just downstream of the nozzle exit). Note that the velocity 
profile for MAR 0.95 is much more uniformly mixed in the chute-to-chute direction and lower in 
peak velocity compared to the MAR 1.2 case. Also, both the configurations have the same interna! 
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boundary layer. The maximum velocities vary in the range of 1300 to 1400 ft/s among all the 


All these flow features indicate a well-mixed flow at lower peak velocities is exiting the mixer/ 
ejector for MAR 0.95 compared to the MAR 1 .2 configuration, resulting in reduced noise levels for 
MAR 0.95 compared to MAR 1.2, particularly in the high-frequency region of the spectrum. 

Next, plume decay along the nozzle centerline (Y = Z = 0) for MAR 0.95 and 1 .2 are compared in 


$■9 KMMWKi 


approximately 1320 ft/s. Although the plume development along the nozzle centerline for both 
MAR’s is somewhat similar for X S 60 inches (approximately six nozzle widths), MAR 0.95 shows 
a slightly faster decay for X > 60 inches, which is probably the principal reason for reduced noise 
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Figure 54 compares the se< 
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entrains less secondary flow at all the conditions but is still lower in noise at all the conditions. At 
lower Vj, which also correspond to lower NPR, the differences in (W s / W p ) for the two MAR values 
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plane; at the same time, the nozzle exit plane becomes the “minimum” area for MAR 0.95 and can 
effectively control secondary flow, W s . For MAR 1.2, however, exit plane does not “control” 
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Jbixect ot acoustic treatment 

oil the mixer-ejector noise characteristics is analyzed m this subsection. 

Figure 55 compares the EPh 

JL variation with Vj for Configuration 7 (S AR 3.3, MAR 0.95, full-scale 

ejector flap length 120 inch* 

ss, acoustically treated wall), scaled to full size (A p g = 1086 in 2 ) at the 

sideline azimuthal location f 
Note that at nominal Vj - 

or a free-stream Mach number of 0.32. RC nozzle data are also included. 
2400 ft/s, acoustic treatment yields approximately 3-EPNdB noise 



acoustic treatment decrease 


results in reduced noise sup 

pression by the acoustic treatment. 

Detailed analyses of the eff 

ects of acoustic treatment on PNLT directivity and spectral content at 

selected conditions discuss* 

;d next. Figure 56 compares the PNLT directivity of Configurations 7 

(hard wall) and 6 (acoustic; 

illy treated wall) at Vj — 2400 ft/s at the sideline azimuthal location. 

Again, RC nozzle data are s 

lown. Note that approximately 2-PNdR noise reduction due to acoustic 

treatment is measured at 

the peak angle of 120°, and larger levels of PNLT reductions 


3) are noted in the forward Quadrant. At shallow anries to the iet axis 


(0 > 130°) 5 noise suppression by the acoustic treatment is reduced. 
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(60°, 90°, peak PNLT angle, and 140°). Spectral data at 60° show that acoustic treatment suppresses 
frequencies above approximately 1 kHz, and noise suppression levels of approximately 5 to 6 dB 
are achieved for frequencies of 3 . 1 5 kHz and higher. For frequencies less than 1 kHz, no differences 
between hard-wall and treated configurations are noticeable. This is consistent with the empirical 
knowledge that lower frequencies are predominantly created at large downstream distances, 
probably downstream of the nozzle exit plane where acoustic treatment has no conceivable impact. 
Spectral suppression by acoustic treatment at 90° shows similar features as the spectra at 60°, except 
slightly reduced suppression by the treatment at frequencies greater than 4 kHz. Acoustic treatment 
does not absorb frequencies below approximately 630 Hz at 90°. Next, spectral data at the peak angle 
(120°) show that acoustic treatment provides a peak spectral suppression of approximately 2 to 3 
dB in the frequency range of 0.8 to 3.15 kHz. No suppression by the treatment is noted for 
frequencies below 400 Hz. The spectral data at a shallow angle to the jet axis (140°) show increased 
dominance of the lower frequencies due to mean flow shrouding of the high frequencies. Although 
treatment absorbs the high-frequency components as effectively as at 120°, PNLT reduction by the 
treatment is only approximately 1 PNdB at 140° due to higher low-frequency amplitude. 

It is reasonable to assume that acoustic treatment impacts only acoustic sources located and radiating 
within the confines of the ejector. Hence, the treatment data may be used as a diagnostic means to 
separate noise components generated within the confines of the ejector and external to the nozzle 
exit plane. However, one needs to employ caution in doing so for reasons described below. 

As the above data show, lower frequencies (less than 400 Hz) are not suppressed by acoustic 
treatment at all angles. Hence, one may conclude that frequencies less than 400 Hz are generated 
by sources downstream of the nozzle exit plane. However, the lower frequency limit, at which the 
onset of treatment effectiveness begins, is a function of angular location. This relates to the extended 
source characteristics and multiple length scales of these jets. There is a range of mid-to-high 
frequencies (approximately 1 to 4 kHz) that are probably generated within the ejector as well as just 
downstream of the nozzle exit plane (due to the high levels of mixing occurring both within the 
ejector and just downstream of the nozzle exit plane), and effective radiation to far field is dependent 
on the directivity angle. 

Aft-quadrant radiation of these sources is more efficient than in the forward quadrant due to 
convective amplification of such sources. This explains why the lower frequency limit at which the 
treatment effectiveness is noted is reduced in the aft quadrant and accounts for the slightly reduced 
spectral suppression in the aft quadrant. Hence, one cannot categorically state which frequencies are 
generated within the confines of the ejector. 

Next, acoustic treatment effectiveness at jet velocities other than 2400 ft/s are discussed. Figure 58 
shows the PNLT directivity comparisons of Configurations 6 (treated) and 7 (hard wall) at 
Vj - 2600 ft/s. Acoustic treatment yielded approximately 1.5-EPNdB noise suppression relative 
to the hard wall at Vj = 2600 ft/s (Figure 55). Acoustic treatment is less effective at the peak noise 
angle as well as other angles compared to the Vj ~ 2400 ft/s case (Figures 56 and 58). Reasons for 
reduced effectiveness of the acoustic treatment as Vj is increased can be found in the spectral 
comparisons of hard-wall and treated configurations shown in Figure 59. Slightly reduced 
effectiveness of treatment in the frequency range of 1 to 4 kHz and increased dominance of 
low-frequency components over high-frequency components for Vj — 2600 ft/s compared to 
Vj « 2400 ft/s are the reasons for reduced treatment effectiveness. As Vj increases, the mixing 
effectiveness of the mixer/ejector nozzle is reduced; relatively stronger jet noise sources are located 
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Figure 65 compares the spectral content of Configurations 7 and 15 at four selected angles for the 
above condition. Note that the long hard-wailed configuration has lower noise levels than the short 
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range at all angles. Since the lower frequency noise component dominates the 140° spectrum, and 
since low-frequency component is not significantly different for the two L e j values, PNLT 

.n 
n 


uyjJjjW 

i « j ii m 


i tji & 1 1 § k i & j:^ *r 

j*y 


SlJTuTj 



Its in a i 

nore U3 

Qiiormiy 


velocity 

thantib 

le 120-in 


173 


direction for the 120-in flap compared to the 80-in flap. Thus, ejector flap length increase helps mix 
the primary and secondary flows in the chute-to-chute direction as well, which results in a more 
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configurations (SAR = 3.3, MAR = 0.95, Mq = 0.32, and sideline location) results in an average noise 
reduction of 2.6 EPNdB in the Vj range of 1600 to 2600 ft/s; whereas, the effect of L e j increase for 
hard-wall configurations is 1.7-EPNdB reduction in the same Vj range. This implies that the 0.9 
EPNdB reduction is provided by the acoustic treatment in the additional 40-in length of the flap. 
Also, note that EPNL reduction due to treatment is fairly uniform over most of the Vj range. 

Figure 70 shows the influence of treated flap length on PNLT directivity at Vj — 2400 ft/s. Effect 
of L e j for treated configurations is similar, compared to the hard-wall configurations (Figures 64 and 
70), in the sense that longer flap yields more PNLT reductions in the forward quadrant and at 90° 
compared to the aft quadrant. The PNLT reductions due to increased L e j for treated configurations 
are noted to be larger compared to hard-wall configurations. 

Figure 71 shows the influence of treated flap length on spectra at four selected angles at Vj = 2400 
ft/s. Effect of L e j for treated configurations is again similar compared to the hard-wall configurations 
(Figures 65 and 71). Note that increasing L e j for treated configurations yields spectral reductions 
in the mid-frequency region (approximately 0.4 to 4 kHz). For frequencies greater than 4 kHz, effect 
of L e j is minimal, implying such high-frequency sources are sufficiently closer to chute exit and were 
not impacted by increased flap length. Frequencies less than 400 Hz are generated so far downstream 
of the ejector exit that increased flap length has only a slight effect. 


4.2.5 Influence of Center Wedges 

As described in Section 4. 1 , Acoustic Models and Test Matrix, the influence of two types of wedges 
on acoustics was investigated. Test data are described in this section. The two types of wedges were: 

1 . Mini Center Wedge (MCW) - A short wedge that blocks off the hot central 
streak of the nozzle 

2. Treated. Center Wedge (TCW) - A longer wedge that also blocks off the hot 
central streak but extends the full length of the nozzle flap (120 inches in full 
scale) and has acoustic treatment on the top and bottom sides of the wedge 

A corresponding discussion on the effect of center wedges on nozzle aerodynamic performance is 
presented in Section 5.2.7. 

Figure 72 compares the single-engine, free-field EPNL values of Configurations 1 (no wedge), 12 
(with MCW) and 11 (with TCW). RC nozzle data are included also. All three configurations have 
acoustic treatment on the flaps and sidewalls, which are 120 inches full-scale. The flaps were 
positioned to yield a MAR of 1.2 for all three configurations. The scale-model acoustic data are 
scaled to a full-scale A p g of 1086 in 2 and correspond to sideline azimuthal location. Note that the 
full-length TCW yielded approximately 1.7 and 4 EPNdB additional noise reduction compared to 
the no-wedge case at Vj = 2400 and 2200 ft/s, respectively. The MCW yielded less than 1 -EPNdB 
suppression relative to the no- wedge case for Vj = 2200 ft/s, but for Vj — 2000 ft/s noise levels 
increased compared to the no-wedge case. 

Figure 73 compares the PNLT directivities of Configurations 1,11, and 1 2 along with the RC nozzle 
at Vj — 2400 ft/s. Note that the TCW yields approximately 2-dB peak PNLT reduction relative to 
the no-wedge case and approximately 1.5-dB PNLT reduction at all other angles. The PNLT levels 
of the MCW are between the no-wedge and TCW cases. 

Figure 74 compares the spectral measurements at four select angles for Vj — 2400 ft/s for the above 
configurations. The TCW configuration yields lower spectral levels at all frequencies, at all angles. 
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relative to the no-wedge case — indicating possible high-frequency noise suppression due to the 
wedge treatment and low-frequency noise suppression possibly due to flowfield modification by the 
wedge (as discussed later). The MCW acoustic data hover between the no-wedge and TCW cases. 

Figure 75 compares the flap static pressure distributions of Configurations 1, 11, and 12 at 
Vj — 2400 ft/s. Note that the no-wedge and MCW flap static pressure distributions indicate the 
ejector is operating in a “supersonic” mode, with a fairly strong shock towards the flap trailing edge, 
to reach ambient static pressure; whereas, the TCW configuration is in a “subsonic” mode. The flap 
static pressure essentially reaches ambient value at approximately 20% of the flap length. It is 
reasonable to anticipate that the presence of the TCW would have a significant effect on the mixing 
of the secondary and primary streams and the ejector mode, particularly at NPR — 3.4 (Vj — 2400 
ft/s), which is in the transitory NPR range for mode switch (see Section 4.2.2). 

The above discussion clearly indicates that the center wedges (TCW and MCW) influence ejector 
internal flowfields significantly, which in turn affects low- as well as high-frequency content. 
However, Configuration 6 (MAR 0.95, without any center wedge) yielded approximately 3 EPNdB 
additional noise reduction compared to Configuration 1 (MAR 1.2, without a center wedge) for 
Vj — 2200 ft/s (see Section 4.2.2, Influence of Mixing Area Ratio). The added weight, complexity, 
and performance loss of a long, treated wedge (in relation to the noise-suppression benefit provided 
by the TCW) was deemed not a favorable design trade to be pursued. MAR seemed to be a more 
effective controlling parameter to simultaneously achieve noise suppression and improve takeoff 
Cf g (see Sections 4.2.2 and 5.2.4). Hence, subsequent acoustic tests focussed on wedgeless 
configurations. This investigation indicated that acoustic suppression cannot be simply increased 
by increasing the acoustic-treatment area by a scheme such as a treated center wedge. 


4.2,6 Influence of Flight Mash Number 

Aircraft flight Mach number (Mo) is simulated in Cell 41 facility, by a 4-ft diameter free jet over 
the jet noise models, to essentially capture the dynamic effect of flight on jet noise sources. The 
microphones are outside the free jet in a static environment. Noise radiated from the dynamically 
altered jet noise sources due to relative motion of the immediately surrounding ambient medium 
must propagate through the turbulent free-jet shear layer, resulting in refraction as well as scattering 
of the noise signal. GEAE developed a free-jet to flight transformation technique by comparing the 
flight-transformed, free-jet data of four nozzle types with the true-moving-frame experimental data 
of the same four nozzles. This technique was developed in the mid- 197Q’s and is documented in 
Reference 5. 

Several methods that have been developed over the years for free-jet to flight transformation can 
be found in the literature, for point as well as distributed noise sources. However, the authors of this 
report don’t know of any published, systematic comparisons of the techniques or validation with true 
flight data for supersonic jet noise. Hence, the following investigation of the influence of Mq was 
conducted in Cell 41, using GEAE’s free-jet to flight transformation technique. 

Figure 76 compares the effect of a simulated flight Mach number of 0.32 on EPNL for Configuration 
9 (SAR 2.8, 120-in full-scale flap length, treated walls, MAR 0.95) and an RC nozzle along the 
VCE-L1M cycle operating line. Note the EPNL reductions at all jet velocities for both nozzles. The 
noise reductions due to simulated flight for the RC nozzle are approximately 1.5 EPNdB for 
Vj = 2600 ft/s, approximately 4 EPNdB for Vj in the range of 2200 to 2400 ft/s, approximately 6.5 
EPNdB for Vj ~ 1900 ft/s, and increase as Vj is further reduced. For the mixer/ejector nozzle 
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Configuration 9, noise suppression trend due to simuiated flight is different. One notices 
approximately 6 to 7 EPNdB reduction due to simulated flight for Vj in the range of 2400 to 2900 
ft/s. The noise reduction due to flight, in fact, decreases as Vj is reduced below 2200 ft/s, and almost 
no noise reduction due to flight is noted at Vj — 1100 ft/s. 

Figure 77 compares the effect of simulated flight on PNLT directivities of the RC nozzle and 
Configuration 9 at Vj — 1900 ft/s (NPR ~ 2.5). Note the significant peak PNLT (approximately 
7.5 dB) noise reduction of the RC nozzle at the polar angle of 1 40°, due to simulated flight. At a polar 



secondary flow entrainment. 
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The influence of simulated flight on spectral content at a polar angle of 140° is discussed next. At 
140°, notice the larger spectral reduction due to flight for Configuration 9 at middle-to-low 
frequencies (frequencies < 1 kHz) compared to 90°. The flight effect at angles away from 90° 
consists of source strength alteration due to mean shear reduction, source convection effects, relative 
motion between noise sources and observer, and motion of nozzle relative to the static observer 
(Doppler effect). Since the simulated flight reduces relative velocity, convective amplification of 
such sources in the aft quadrant is less compared to the static case. However, diminished mean shear 
reduction due to simulated flight implies that sources are convecting faster relative to a static 
observer for the simulated flight situation. In the aft quadrant, this implies that noise sources are 
approaching the observer at a higher speed, and this would tend to increase the noise levels. 
However, since the nozzle is moving away from the static observer in the “true flight” situation, for 
an observer located in the aft quadrant, noise levels in the aft quadrant should be lower. The sum 
total of noise source strength reduction at 90°, reduced convective amplification of the noise sources 
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from 0 to 0.32, which is reflective of the source strength reduction due to uniformly increasing the 
flight velocity of noise sources which are predominantly located downstream of the ejector exit. The 



amplification modification, relative velocity effect of noise source motion, and Doppler effect of 
nozzle motion relative to the observer. Because of the interaction of all these effects and reduced 




increase. The spectral data at 60° show a nonuniform trend with Mq due to the combination of the 
four effects mentioned. 


The above discussion indicates that the effect of flight Mq on the acoustics of mixer/ejector nozzles 
is significantly influenced by the split between internal and external noise source strengths. 


It is also evident that several mechanisms are operative in determining the effect of Mq on the 
acoustic features of mixer/ejector nozzles. These mechanisms seem to dominate differently at 
various ranges of Mq. A clear understanding of these mechanisms is still to be achieved. In the 
absence of such understanding, it is not prudent to generalize the effect of Mq on mixer/ejector 
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is anticipated that the azimuthal acoustic characteristics are generated due to the rectangular 
geometry. The jet plume in the vicinity of the nozzle exit still retains significant nonaxisymmetry 
(see Section 4.2.1) and gradually becomes axisymmetric far downstream from the exit plane. One 
normally associates low-frequency noise generation with the far downstream distances. As Vj 
increases, the externally generated noise component becomes dominant (Section 4.2.1), and the 
contribution of low-frequency sources to the EPNL increases. Now, since these sources are located 
in regions where the jet plume is developing into an axisymmetric jet, one would expect reduced 
azimuthal acoustic variations at high Vj (such as 2600 ft/s). 

Figure 82 compares the azimuthal variation of PNLT directivities of Configuration 6 at Vj == 2400 
ft/s. PNLT directivity at the azimuthal angle of 25° is uniformly lower compared to 90° at all polar 
angles. PNLT directivity at 60° is between the other two azimuthal locations. Note that the peak 
PNLT occurs at 120° polar angle for all three azimuthal locations. 
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4.U. me static pressure data are rrom me row or prooes in line wira me miaaie ox me seconaary chu 
passage. Distributions along the middle of primary chute passage are not illustrated, but they are vei 
similar. It is noted that, for both the NPR’s, this configuration is operating in the “supersonic” mode. 
The effect of primary stream total temperature on the static pressure distributions is small and 
probably within the experimental variability. 

Flap static pressure distributions for Configuration 7 (SAR 3.3, MAR 0.95, L e j = 120-in full scale, 
Mq = 0) at NPR’s of 3.4 and 4.0 are shown in Figure 86. The flap static pressure distribution at 
NPR = 4.0 are somewhat similar at approximately 700° and 1757°R; at both the temperatures, the 
no 2 

= 3.4 indicate the ejector is operating in a “supersonic” mode at a primary total temperature of 
app 
16C 


primary stream 
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Figure 89 compares the effect of primary stream total temperature on external plume decay along 
the nozzle axis. Jet velocity for the 1590°R case is approximately 1320 ft/s, and it is approximately 
1180 ft/s for the 860°R case. At an axial distance of 120 in from the nozzle exit in scale model 
(approximately 12.5 nozzle widths), the jet velocity for both cases is approximately 600 ft/s, 
indicating the jet plume decays faster if primary stream total temperature is higher at same NPR. The 
above flowfield observations are all consistent with the following rationale. 

Holding the same NPR during these studies implies the primary stream Mach numbers are 
approximately the same, except for differences in specific heat ratios and associated impacts on 
ejector “mode transition.” The impact of these two differences on the nozzle exit flowfields probably 
is not large. Higher primary stream total temperature creates a larger velocity gradient as well as a 
larger static temperature gradient between the primary and secondary streams. This promotes 
mixing due to “momentum mixing” as well as “thermal diffusion.” Hence, when the primary stream 
temperature is increased, the jet velocity profiles indicate a higher level of mixing, resulting in more 
uniform profiles. Thus, the assessment of mixing or “mixedness” from cold-flow tests will be on 
the lower side compared to what one would obtain in a hot-flow test. 
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Figure 9* Aeoystic seaie-madel cross section adapted to Cell 41 
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Transition Section 



Figure 10. Photograph of the Ceil 41 1/7th scale 2D mixer/ejector exhuast system acoustic model 





Cell 41 
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Secondary Flow Inlet Suppressor Sidewall 
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Figure 13. View of 2D mixer/ejector acoustic scale model with one flap removed — showing internal details of long-flap configuration 




u. 
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® 37% porous perforated Hastalloy X, 24 gage (0.025 in) 

® 0.045-in holes with 0.067-in spacing on centers 
® 225 holes per in 2 

Retimet metal foam, 0.08-in thick, 95% porous, 0.03-in pore size applied to 
prevent Astroquartz degradation due to turbulence 

Astroquartz 550, 0.0002-in maximum fiber diameter, 0.2-in thick sheets 
compressed to a density of 1 ibm/ft 3 
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Figure 21. 


Mixer chute static pressure tap locations 
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Note: only top flap is shown: Row 1 located 1 .92 in from flap center line 

Row 2 located 1 .46 in from flap center line 
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relative to the 2D mixer/ejeetor exhaust nozzle scale model installation in Cell 41 
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Data Processing System 


On-Line Data Acquisition System 


Input 

As-measured datai 
from individual / 
microphones / 


Correct for: 

Levei'(pistonphone); Frequency 
Response of 

microphone/arsaiyser system 
(pink noise); Atmospheric 
Absorption; Distance. 


f Output 

Mode: Scale data on 
40-ft radius arc centered 
on center of nozzle 
under Shields & Bass 
59° standard day i 
atmospheric conditions / 




^ PMHMI 

desired Scaled/ 

Extrapolated conditions 
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NMM atmospheric pll||||lll transformation of 

absorption | -VS lossless 40-ft arc 

: | model srale data 
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Scaied/Extrapoiated SPL (frequency, /A >: ■' '■l 

angle), OASPL, PNL, PNLT and dBA Ai|ill^|ii||^||| 
directivities, PWL and EPNL 




Chute Convergent-Divergent Design Assumptions 

® Chute exit plane local static pressure: 11.0 psia ® With y = 1 .33 (Specific heat at constant 

pressure + specific heat at constant volume) 

8 Takeoff design NPR = 4.00; Facility Max. T 3 = 1 960°R, A eX it/A 8 = 1 .43 

therefore, P T8 = 58.8 psia 0 

® A eX jt-i- A 8 = 31 .69 for SAR = 2.8 and 27.37 for 
® NPR based on 58.8/11.0 = 5.34 SAR = 3.3 
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EPNL, dB 



jet Velocity, ft/s 


Figure 29, SAR effect ©n EPNL as a function of Vj: 120-in treated flap, MAR = 0.95, Mg = 0.32, 
sideline microphones 
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Figure 30. Comparison ©f pumping ratio for SAK 2.8 and 3.3 nobles 
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Figure 








Velocity, ft/s 3 Velocity, ft/s 
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35, 


SAR effect on primary chute centerline exit velocity profiles along 
nozzle minor axis: NIPR = 3.4, Vj = 23S4 ft/s, Tg = 1590° R, Mq = 0.32 



-10 -6 -2 2 6 10 
Distance from Center of Nozzle Along Major Axis (Z), in 

Figure 36. 8AR effect on primary chute centerline exit velocity profiles along 
nozzle major axis: UPE = 3.4, Vj = 2384 ft/s, T 8 - 15§0°R, M 0 = 0.32 
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Figure 49. MAR effect on primary chute centerline exit velocity profiles 
along nc^le major axis: NPR = 3.4, Vj = 2384 ft/s, Mq = 0.32 
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Figure 57. Treatment effect on SPL spectra: 120-in flap, SAR = 3.3, MAR = 0,95, 
Mo = 0.32, Vj = 2384 ft/s, NPR = 3.4, Tg = 1590°R, sideline microphones 
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Figure 58. Treatment effect on PNLT directivities: 120-in flap, SAR = 3.3, MAR - 0.95, 
S$ 0 = 0.32. Vj = 263? ft/s, NPR = 2.5, T 8 = 1325°R, sideline microphones 
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Figure 65. Effect of hard-wal! flap length ors SFL spectra at selected polar angles (0): Vj = 2384 ft/s, 
NPR = 3.4, MAR = 0.95, SAR = 3.3, 1 8 = 1580°R, $% = 0-32, sideline microphones 
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Figure 87, Effect of flap length on axial velocity distribution at nozzle exit along the major axis: 
Vi = 2384 ft/s, NPR = 3.4, 1 8 = 1580° R, M Q = 0.32, MAR = 0.95, SAR = 3.3 
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Figure 81 . Azimuthal variation ©f EPNL; SAR = 3.3, MAR = 0.95, long flap, Vj = 2400 ft/s, 
NPR = 3.4, T g = 1580*8. M 0 = 0.32, sideline microphones 
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Figure 83. Azimuthal variation of SPL spectra at selected polar angles (0): SAR = 3.3, MAR = 0.95, 
long flap, Vj = 2400 ft/s, MPR = 3.4, T s = 1580'R, M Q = 0.32, sideline microphones 
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Figure 85. Effect of Its on flap static pressure distribution: SAR - 3.3, 
MAR = 1.2, long flap, static conditions 
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Figure 87. Effect of Tjg on nozzle exit axiai velocity distribution along the minor axis: 
SAB = 3.3, MAR = 0.95, short flap, UPR = 3.4, Mq = 0.32 
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Figure 88. Effect of T ts on nozzle exit axiai velocity distribution along the major axis: 
SAK = 3.3, MAR = 0.95, short flap, UPR = 3.4, M 0 = 0.32 
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* CER- 1.22 and 1.38 

® MAR - 1.40, 1.20, 1.00, and 0.80 (with primary focus on MAR 1.4 and 1.2) 
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surface of the inlet scoop. 

Mixer Chute Static Pressures - Referring to Figure 98,21 static pressure taps were distributed over 
the mixer chutes. Six were located on the primary flow side, and the remaining 15 were located on 
the secondary flow side of the chutes. 



performance was evaluated as a function of primary nozzle pressure ratio (NPR). The performance 
data were acquired, at constant wind tunnel Mach numbers (0.0, 0.32, 0.40, 0.55, and 0.70), by 
changing the primary NPR. _ . 
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entrained from all directions, and toe < 

ma walls act like a snarp-edged inlet — resulting m poor now 

quality. The estimates of secondary f 


pumping characteristics should be tr< 
analysis. 

;ated for qualitative evaluation only and not for quantitative 

5,2 Aeroperformanee Data Asia 
The data acquired in this test series v 

lyses 

/ere centered around improving pumping characteristics and 

performance. The data acquired illusti 

rate the effect of some key design parameters on pumping and 

nozzle performance. This investigatio 

n was comprehensive enough to establish the effects of MAR, 


and free-stream Mach number. In addition, some of the basic 

phenomena on the two possible mode 

is of operation of the ejector (subsonic and supersonic) were 

established. All of these aspects of eje 
pumping are discussed. 

ctor performance and their impact on nozzle performance and 






and CER = 1.22, with long flap. Sii 

milar observations can be made for all configurations with 

MAR > 1, except for the differences 

in the performance, which are discussed later. The primary 


testing was identification of the significance of MAR as the 

primary variable. The aeroperforman 

ce test series enabled redirection of the primary focus away 

from MAR > 1 to MAR < 1, and i 

nost of the acoustic testing in Cell 41 was carried out at 

MAR 0.95 (as discussed in the prei 

nous section). 


ms to be a minimum between NPR = 2.0 and 2.5. The 


o and physical estimated secondary mass flow rates are shown 

as functions of primary nozzle pre: 

■•sure ratio in Figures 101 and 102 respectively. The key 

observations that can be made from tl 

lese figures are that pumping ratio decreases with increasing 

NPR. The primary reason for this be 

shavior being the continuous increase in primary flow with 

increasing NPR. The physical second; 


value and reaches a maximum betwee: 

n NPR = 2.0 and 2.5. Secondary flow then gradually decreases 

with increasing NPR. It is important 1 

:o note that the minimum nozzle performance approximately 

coincides with the maximum physic 

:ai flow. This aspect will be explored later. The estimated 

physical secondary flow entrainmei 
conditions, as explained earlier. 

it is probably in significant error, especially under static 

The flap internal pressure distribution! 

> for all of the above nozzle pressure ratios are given in Figures 

103 and 104. The flap static pressur 

es have been nondimensionaiized by the free-stream static 


rial locations measured from the suppressor chute exit have 

been nondimensionaiized by the flap 

length. The plots indicate a distinct characteristic difference 

at nozzle pressure ratios lower and h 

igher than the nozzle pressure ratio, at which the minimum 


tin? these static nressures. it must be understood that the total 
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oe saie to assume mat toe primary ana secondary nows are es 

scnuaiiy unmixea immeuiaiciy 




a from pressure taps at the chute 

Figure 103 shows the flap static pressure distributions of pressure 

taps aligned with primary flow 

centerline and secondary flow centerline, for all of the NPR’s. Fij 
secondary chute aligned flap static pressures at selected NPR’s. 

gure 104 compares primary and 

At nozzle pressure ratios of 1.5 and 2.0, the flap static pressures (1 

Figure 103) indicate a gradually 

diffusing pressure distribution downstream of the mixer exit, beyo: 

ad the first 30 to 40% of the flap 

M 

m 

ft 

1 

m 

5 

I 

! 

VI AR of 1 .2, the flow should be 


e flap. At nozzle pressure ratios 

of 2.5 and greater, beyond 5% of the flap length, there is a continu 

ious decrease in pressure levels. 

indicative of accelerating flow, followed by a significant rise in fla 

p static pressure and a region of 

nearly flat pressure distribution. The location of the sudden i 

raise in static pressure moves 

downstream towards the exit of the nozzle with increasing nozzle or< 

sssure ratio, from aonroximatelv 




the MAR, it can be postulated that the mixed flow is supersonic ai 

id the mixing chamber acts as a 

supersonic nozzle. This is consistent with basic ejector theory ( 

Reference 8), as there are two 

possible solutions for the mixed flow, one subsonic and other si 

ipersonic, based on the mixing 

chamber geometry and inlet and exit flow conditions. The two ope 

rating regions of the ejector are 



diverging mixing area ratios (that is, MAR > 1 .0), the location of the 

shock is a function of the nozzle 

exit back pressure. As the primary nozzle pressure ratio is increase 


also increases, and the shock moves towards the exit of the nozzle. 


the mixer/ejector nozzle exit will be fully supersonic. A significant 

increase in nozzle performance 

pi s 

i I 

el vibration/instability was also 

The comparison of the primary and secondary flow chute aligned p 

ressure taps, as shown in Figure 

104, indicates that at all NPR’s the static pressures at and beyond i 

20% of the flap length from the 

suppressor chute exit are nearly identical. The primary-chute-alignc 

id static pressure at X = 0 (at the 


i exoansion ratio {'Biimarv total 


i ^fwfSIBiWcgfllcftaTMmtjrEw *4K»»i»P»MnTf+l^»MiliTSaiT»niElpg^ 


pressure taps an indicate amusing now cnaractenstics, wane me m 

rxs or z.d ana 4.u oom maicaie 

rapid acceleration followed by sudden diffusion. The primary rea 

son for the behavior at 2.5 and 

above could be the shape of the primary chute extensions. The star. 

ic pressure tap at X/Lf = 0.02 is 

located on the primary chute extension and the static pressure 


downstream of the primary chute extension on the flap. The supe 

srsonic flows from the primary 

chutes are vectored in this region by 1 5° to the flap and consequently 

must go through a compression 

turn. This could be the primary reason for the excessive observed a< 

federation and deceleration. At 

pressure ratios of 2.0 and above the secondary-flow-aligned pressu 

re taps at the chute exit indicate 

possible choking as the local static pressure is equal to or lower th 

ian the critical pressure ratio of 
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could be locally sonic and may not represent the entire flowfield. This reasoning is substantiated by 
the fact that at X/Lf - 0.058, the secondary-flow-aligned static pressure at NPR = 2.0 is reasonable 
above critical pressure ratio. However, based on the significantly lower values of secondary flow 
aligned static pressures for NPR > 2.5 and above over a significant part of the flap length 
immediately downstream of the suppressor, one can conclude that the secondary flow was sonic at 
these NPR’s. 


5.2.2 Effect of Free-Stream Mach Number 

The effect of free-stream Mach number on the performance is illustrated in Figure 105. The most 
noteworthy trend is the significant reduction in the thrust minus drag coefficient with external flow 
of about 5 points at a free-stream Mach of 0.32 at NPR = 4.0 relative to static conditions. The slope 
of the thrust minus drag coefficient variation with NPR for wind-on cases is also steeper relative to 
the static case. 


The pumping characteristics shown in Figure 106 indicate there is a slight increase in pumping with 
free-stream Mach number. This increase in pumping is essentially due to the higher total pressure 
of secondary flow with free-stream Mach number. For a given NPR and ambient static condition, 
the primary mass flow is essentially same. The ideal secondary flow total pressure is 7.4, 1 1 .6, 22.8, 
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exit) is a function of NPR and pumping. For about the same pumping, the static pressure just 
downstream of the primary nozzle exit should be same. This will imply that the primary nozzle 
internal pressure ratio should be the same. The area ratios of 1.22 and 1.38 correspond to internal 
nozzle pressure ratios of 4.0 and 5.3 respectively, and there is always some losses associated with 
overexpansion until the respective internal pressure ratios are reached. 

Losses associated with the overexpansion are higher at low NPR as the internal pressure ratio is 

















Figure 113 indicate that the actual expansion ratio at CER = 1.22 was about 3.8 instead of 4.0, and 
at CER - 1.38 it was about 5.55 instead of 5.3. These differences could be due to variations in the 
geometry along the primary chute extensions where these static pressure taps are located. 


Figure i is a pun ui iriruai siaue pi 

cssuie as jLUUuiiuii ui wrss> lui uiie ui iuc iuui suppicssuis. 

SAR 3.3 and CER 1.22, under typical i 

test conditions. This figure indicates that the flow is choked 

at all pressure ratios including NPR of = 

= 1.5. Consequently, it can be concluded that there is a shock 

inside the suppressor chute at NPR = 

1.5, and the flow is fully expanded at all other NPR’s. 



overexpanded flow must have been inc 

:urred at pressure ratios higher than 2 and less than 4, which 

explains the performance differences \ 

vith CER at lower than design pressure ratios. 

5,2.4 Effect of Mixing Area R 

atio (MAR) 

Performance at constant SAR, NPR, ai 

id CER as a function of MAR is plotted in Figures 115 and 

1 1 6 at static conditions. The nozzle perl 


a peak at MAR <1.0 for all pressure r; 

itios tested. The pumping characteristics also shows a peak 

at a MAR of 1 .0 for pressure ratios of 

2.5 and higher. 

The flap static pressure distributions ft 




the transition from subsonic to supers 

onic mode occurs at NPR = 2.5. Referring to Figure 103, 

discussed earlier, the transition from 

subsonic to supersonic mode occurs at NPR = 2.5 for 

MAR =1.2 also, and a similar characte 


to be a movement of the shock inside 





figure 115 illustrates nozzie perxorman 

,ce M-Dnoz as a iuncuon or nozzie pressure ratio, anu Figure 

119 is a plot of the estimated secondar 

y flow characteristics as a function of nozzle pressure ratio 

for the four MAR’s tested. Figure 1 1 


B flcTOSl Ewiltlt^l^ lUBaTlId^l^ ISIIllliTi 



a low of 0.845 at a pressure ratio of 1.5. There is only a small 

decrease in performance as the pressur 

e ratio is further increased to 4.5. Comparing this to Figure 

1 1 9_ the neak secondary flow for MAR 
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Effects of SAR for the two baseline configurations are shown in Figures 120 through 123. For the 
same primary throat area (A p g), the secondary flow area of SAR = 3.3 is higher by 28% relative to 
SAR = 2.8. Consequently, one would expect the pumping to be higher by about 28% for SAR = 3.3 
relative to SAR = 2.8. Figures 121 and 123 indicate that this indeed the case, and the SAR of 3.3 
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changes in ejector flap length. The differences, especially in the low NPR range, are within the 
scatter of the test data. A closer look indicates small decrease in static performance of about 1 % 
between NPR range of 3.5 to 4.5 for the SAR = 2.8 cases, as shown in Figures 124 and 126. The 
exhaust system is operating in the supersonic mode at these NPR’s, and one would expect a slight 
increase in internal wall friction drag associated with the longer flap. In the absence of external flow, 
the only significant change could be the internal fr 
are not evident in Figures 125 and 127. Possible external flowfield effects under wind-on conditions 


Figures 132 through 139 compare the effect of center wedges on the performance and pumping 
characteristics of the SAR 2.8 and 3.3, CER 1.22 configuration at static and 0.32 Mach test 
conditions. Two wedges were tested: one was a mini wedge designed to block the center gap and 
eliminate the orimarv hot streak: the other was as long as the flan. The long wedge provided a 
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Figure 95 . Typical mini center wedge configuration 
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Thrust Minus Nozzle Drag Coefficient 
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Figure 1 09. Effect of CEB on thrust: 
SAR s 2.8 


NAS A/CR— 2005-213325 






















NAS A/CR— 2005-2 13325 








ainssaid luaiquiv / ©jnssajd o pig day amssasd luejqiuv/ ainssejd opjs day 


NAS A/CR— 2005-2 13325 


121 


X / Ejector 






Thrust Minus Nozzle Drag Coefficient 
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Coefficient* n Thrust Minus Nozzle Drag Coefficient 
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Fluid dynamic tests were conducted on subscale models of mixer/ejector i 
Aerodynamic Research Laboratory to complement the acoustics and aerodynam 
reported in earlier sections. The major objectives of this test program were to: 
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Model - The nozzle designs are based on 2DME considerations described in the earlier section on 
the acoustic test program. The subscale models used in ARL tests, however, have only 5 secondary 



without any central gap 
Secondary chute inlet angle = 27.5° 
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Table 7. Test matrix 


Note: Ejector exit total pressure and temperature Kiel probe Survey at all test conditions. 



Test Conditions 


SAR 

CER 

L e j, in 

Gap 

Aligned 

MAR 

Mo 


1 

3.32 

1.23 

6.7 


Yes 

1.2 

H 

[ 2 

4 

0.2 

2 

4 

2 

3.32 

1 

9.7 

i 

Yes 

1.2 

0.0 

2 

4 

■ 

1.5 

2 

4 

3 

2.68 

UjUfl 

9.7 

n 

Yes 

1.0 

0.2 

4 

4 

2.66 

1.23 

9.7 

No 

No 

1.0 

0.2 

4 

5 

2.66 

1.23 

9.7 

No 

■SB 

1.2 

0.2 

4 

8 

2.80 

1.38 

9.7 

Yes 

MEW 

1.0 

0.2 

4 

7 

2.80 

1.38 

9.7 


■ 

1.2 

0.0 

2 

4 


2 





Mm 



1 

4 


For all of these test points, the pressure and temperature data from the model instrumentation was 
first obtained. Further, in order to gain more insight into the fluid-dynamic processes both internal 
and external to the ejector, two types of surveys were also made for certain configurations: 

1 . Total pressure and total temperature surveys at the ejector exit plane with a Kiel probe. 

2. Internal and external velocity surveys using a laser two-focus (L2F) system. 

The L2F velocimeter measures the velocity of gas nonintrusively by detecting the light scattered by 
small particles in the flow as they pass through the focal volumes formed by two highly focused laser 
beams. Velocity is derived from the time of flight of particles moving from one beam to another with 
known beam separation — a technique known as laser transit anemometry or laser transit 
veiocimetry. This system essentially gives the two components of the mean velocity vector projected 
on the vertical plane orthogonal to the laser beams (that is, the axial and the transverse vertical 
components). It can also give a measure of the turbulent intensity at that point. 

Typically, internal LV surveys were performed selectively: (1) at the centerlines of the primary flow 
or the secondary chutes; (2) transverse planes near the chute exit (plane A) at the middle of the ejector 
(plane B); (3) at different distances from the nozzle major axis. The external plume LV surveys were 
performed selectively ( 1) at the transverse plane at the ejector exit (plane C), (2) along the centerline 
of the nozzle, (3) along the major and minor axes of the nozzle at various downstream stations from 
the ejector exit plane (4, 8, 16, and 24 inches). 
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The results for the baseline model (SAR = 3.3, CER = 1 .23, aligned chutes with no central gap) are 

: operating conditions analyzed. Next, the results for the ' ’ 
that is similar to the acoustic model (SAR = 2.8, CER = 1.38, aligned chutes with central gap) are 
discussed. Lastly, the effects of selected geometric parameters are presented. 


Consider the baseline model at NPR = 4.00 and Mq = 0.2 (Vo = 225 ft/s), the intended design 
condition. Figure 144 shows contour clots of the magnitude of the mean velocity vector (resultant 


n< 

the ejector: (A) chute-exit plane, (B) middle plane, and (C) ejector-exit plane. Figure 145 shows the 
vertical components of velocity vectors and should be considered in conjunction with Figure 144. 


the 

compo. 
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component of the primary flow and gets concentrated at the tip of this double vortex sheet. The tip 
will thus start curling in two opposite directions, due to self-induction, as shown in the bottom of 
Figure 148, and will form “mushroom type” vortices in the middle of the secondary chutes. 

The curling and stretching of the vortex sheet increase the effective shear or material interface area 


here also explain why the vertically stratified flow at the chute exit plane eventually becomes almost 
horizontally stratified at the ejector exit plane in many cases. The vertical tongues of primary flow 
at the secondary chute centerlines at the ejector exit plane still evident imply that die ejector length 
was insufficient to achieve full mixing and viscous diffusion has not progressed enough to result in 
horizontal stratification. 
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is also much higher at the lower NPR (0.804 versus 0.5 12) as expected. With the wind tunnel on at 
NPR = 2, the mixing improves only a little (0.889 versus 0.873). 

6.2.2 Model with Central Primary Gap 

The geometry of this configuration is described in Table 7. Note that not only is the SAR different 
than the baseline model but the CER is also different. Hence, one-to-one comparison between these 
two models cannot be made, and the focus here will be to examine the effect of the central gap which 
is a common feature of all the acoustic and performance models discussed in Sections 4 and 5, 
respectively. 


For NPR = 4, Mq = 0.2 (Coniiguration 7 

, MAR =1.2 with long flap), Figure 153 shows vertical 

distribution of the velocity vector plots a 

the chute exit plane. Besides the convergent secondary 

flow and the divergent primary flow feat 

ures as in the baseline case, the central gap between the 

secondary chutes now has high-velocity, i 

rot, primary flow. It is interesting to see if this central gap 

helps in filling up the void in the no-gap 
in the central portion. 

case created by the slower secondary fluid accumulating 

Figure 154 shows mean velocity, total tei 

mperature, and total pressure contour plots at the ejector 

exit plane. The hills, valleys, saddle regioi 


for this configuration and are better char 

acterized by the mixing effectiveness, Mj (see Table 8) 

value of 0.731 and is similar to the base 

line case. At this low primary temperature (860°R), the 

central gap does not seem to have helped 

much so far as mixing at the exit plane is concerned. The 

central hot streak has also migrated tows 



las shown a considerably flatter velocity profile in the 

minor-axis direction at the ejector exit pli 

me and, hence, better mixing — see subsection 4.2.8.) 

The effect of Mq on mixing appears to be 

negligible again (compare 0.731 vs 0.732) and lowering 

NPR to 1 again improves mixing (Mj = 

0.885) as in the baseline case. Hence, the trends of the 

operating conditions on the mixing behav 


Various internal axial LV surveys were < 

also done at different heights to capture this shock-cell 

Ms* 

sample at 74% mixing height. As many as six to seven 

shock cells can be discerned in the traverse 
progressively decreasing shock strengths 

6.2.3 Effect ©f Geometric Parar 

along the primary-chute centerline with the characteristic 
and shock-cell lengths. 

nefers 

The effect of flap length, MAR and s 

tagger are discussed from the perspective of mixing 


o.z.3.1 nap Lengin 


There were nominally two flap lengths: 

6.7 in (short) and 9.7 in (long) for the baseline mixer 

(configurations 1 and 2, respectively). At 

NPR = 4 and static conditions (Mq = 0), the shorter flap 

showed considerably more nonuniformity 

in the exit total temperature (Figure 156), but this is not 

reflected as much in the exit “mixedness' 
higher for the longer flap: 0.512 versus 0. 

’ — 0.702 versus 0.709; the corrected pumping level is 
367. 

S.2.3.2 Chute Stagger 
The effect of chute stagger is evaluated foi 

r configurations 3 and 4. These have 9.7-in flaps at MAR 

= 1 . with the same SAR. CER. and no cent 

j 

1 
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and total temperature contour plot comparisons at the ejector exit plane for the aligned chutes and 
the fully staggered chutes at NPR = 4 and Mq = 0.2. The velocity and temperature profiles near the 
flaps for the staggered case are essentially shifted by a half-chute period according to the chute 
placement; however, the strong valley in the middle still remained with similar span wise distribution 
on top and bottom. Mixedness at the exit plane is slightly better for the aligned case, 0.775 versus 
0.754, and the pumping is slightly better for the staggered case: 0.352 versus 0.338. 

In this particular staggered configuration, the primary and secondary flow directions at the bottom 
of the chute were kept axial or horizontal; hence, the asymmetry provided by the staggered 
placement was not used to provide more axial vorticity at the chute bottoms. 

In another computational study at GEAE (Reference 14), it has been shown that the initial rate of 
mixing per unit axial distance in the staggered case can be higher than the aligned case. However, 
in the staggered case, before the flow reaches the ejector exit plane the inefficient viscous diffusion 
starts dominating much earlier, compensates for the earlier increased mixing efficiency, and makes 
it comparable with the mixedness of the aligned case at the exit plane. Obviously, more work is 
needed for understanding the effect of stagger. 


The effect of MAR can be evaluated by comparing configurations 4 and 5, as well as 6 and 7, at an 
NPR = 4 and Mq = 0.2. Considering configurations 4 and 5 (SAR = 2.66), mixing improved with 
the lower MAR (0.754 versus 0.694) while pumping decreased slightly (0.352 versus 0.385). 

The same conclusions appear to hold for the configuration with central gap (configuration 6). When 
MAR = 1, mixing effectiveness is slightly better than at MAR = 1.2 (0.801 versus 0.731) and 
pumping is slightly higher (0.389 versus 0.426). 
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Mode! support system and model Installation 







A. Chute Exit 


B. Middle Plane 


C. Nozzle Exit 


Figure 144. 
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Internal axial evolution of mean velocity distribution for baseline case 
with NPR = 4, M 0 = 0.2 
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A. Chute Exit 


B. Middle Plane 


C. Nozzle Exit 


Figure 145. 
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Internal axial evolution of mean velocity angular distribution for 
baseline case with NPR = 4, M 0 = 0.2 
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A. Chute Exit 


B. Middle Plane 


C. Nozzle Exit 


Figure 146. 
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Internal axial evolution of mean velocity distribution for baseline case 
with NPR = 4, M 0 = 0 
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A. Chute Exit 


B. Middle Plane 


C. Nozzle Exit 


Figure 147. 







Internal axial evolution of mean velocity angular distribution for 
baseline case with NPR = 4, M 0 = 0 
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Figure 149. Total temperature and total pressure contour plots at ejector exit 
for baseline case 
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Figure 150. Total temperature and total pressure contour plots at ejector exit 
for baseline case under static conditions 
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A. Chute Exit 


B. Middle Plane 


C. Nozzle Exit 


Figure 151. 



Internal axial evolution of mean velocity distribution for baseline case 
with NPR = 2, M 0 = 0 
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Figure 1 52. Total temperature contour plot at exit for baseline case with 
NPR = 2 under static conditions 



Chute Exit 


Figure 153. Velocity vector plots at chute exit for configuration with central gap 


NAS A/CR— 2005-2 13325 


147 


Y 'n Y, in Y, in 


3.5 



3.5 

3.0 

2.5 

2.0 

1.5 
1.0 
0.5 

0 




Velocity, ft/s 



Total Temperature, °F 



Total Pressure, psig 


Figure 154. Contours of mean velocity, total temperature, and total pressure at 
ejector exit plane; NPR = 4, M 0 = 0.2 
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Figure 156. Ejector exit total temperature contour plot comparisons for the 
effect of flap length 
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Staggered Chutes (Configuration 4) 
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Figure 157. Ejector exit mean velocity contour plot comparisons for staggered 
and aligned case 
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Figure 1 58. Ejector exit total temperature contour plot comparisons for 
staggered and aligned case 
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enable HSCT to achieve environmental acceptability ana economic vj 

lability. 


s mi 

7.1.1 Acoustic Performance 

■Rntfa QAP 9 & and 9 9, Inna-flan H 20-in fiill scaled 

confi mirations meet FAR36 


Stage 3 sideline noise level limits for ideal primary jet velocities Vj < 2400 ft/s. 
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but the trend reverses for jet velocities higher than 2500 ft/s. The noise-generation mechanisms of 
the mixer/ejector nozzles are complex, covering a wide range of turbulence length scales and 




velocity. Broad generalizations that larger SAR will yield lower jet noise levels are not necessarily 
true. 

For Vj > 2200 ft/s, the MAR 0.95 nozzle is approximately 3 EPNdB quieter than the MAR 1 .2 
nozzle. Although MAR 1.2 entrains more secondary flow than MAR 0.95, noise levels for MAR 
0.95 are significantly lower compared to MAR 1.2, due to various flowfield differences. Hence, it 
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center wedge yielded approximately 3-EPNdB noise reduction, comps 

ired to MAR 1.2 conngura- 


lexity, and performance loss 

associated with a long, treated, center wedge — in relation to the noise 

ESSg^Ege^liUtkU-libl igny 

deemed an unfavorable design trade to be pursued. MAR seems to be 

a more effective controlling 

parameter to simultaneously achieve noise suppression and improve ts 

ikeoff Cf g . 

At all jet velocities, the EPNL’s at sideline azimuthal location of 25' 

3 are the lowest, and as the 
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azimumai location is approximately 2.5 EFNdB lower compared to at cutback azimuthal li 
of 90°. This EPNL difference increases to a maximum of approximately 4 EPNdB at Vj — 
ft/s and reduces at Vj below 1900 ft/s. As Vj increases beyond 2400 ft/s, the azimuthal van; 


iiFJNJL reduces. 








increase in nozzle performance is observed associated with the supersonic mode. Peak static Cf g of 
0.95 was obtained at NPR of 4.0, for the SAR = 2.8, CER - 1.22, MAR 1.0 configuration, in the 
supersonic mode of ejector operation. Model vibration/instability was also experienced with the 
transition from subsonic to supersonic mode. The primary stream total temperature had a significant 
effect on transition from subsonic to supersonic mode. The NPR at which the transition to supersonic 


Significant reduction is observed in the thrust minus drag coefficient with external flow: about 5 





















also a significant diffi 
for this difference at 

ere nee in pumping, especially at lower pressure ratios. The possible reasons 
lower oressure ratios could be losses associated with overexoansion and 




thrust coefficient Cf g5 


pumping characteristi 

cs also show a peak at a MAR of 1 .0 for all pressure ratios > 2.5. At MAR of 

0.80, the ejector open 

ited in the subsonic mode at all NPR’s tested. 

The SAR of 3.3, with : 

28% higher secondary flow area than SAR of 2.8, pumps approximately 25% 

more at all NPR’s, 1 


significant improvems 



at which the subsonic to supersonic transition occurs increased slightly with 
e supersonic mode, the lower SAR performs better than the higher SAR, by 



conditions, due to ink 

it ram drag and external form and friction drag. 

The thrust minus drag 

; performance does not show any significant difference, at static or wind-on 

test conditions, with cl 
are within the scatter * 

ranges in ejector flap length. The differences, especially in the low NPR range, 
of the test data. 

The performance of tl 

re short wedge was significantly lower at almost all of the test conditions, 4 

to 6 points relative to 

the no-wedge configurations. The long wedge, with associated reduction in 

MAR, has significant 

fly improved performance at all test conditions relative to the no-wedge 
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ID 

2D 

2DCD 

2DME 

3D 

A 

Ag 

A 9 

Ag 

A m or A mix 


A s g 

ARL 

CD 

0)8 

CER 


CFD 

Cf-Dnoz 


Cfg 

CTC 

D 

d 

Dnoz 

EGA 

EPNdB 

EPNL 

F 

f 


One dimensional 
Two dimensional 

Two dimensional, convergent/divergent (exhaust nozzle configuration) 

Two dimensional, mixer/ejector (exhaust nozzle configuration) 

Three dimensional 
Cross-sectional area, in 2 
Exhaust nozzle primary flow throat area 
Exhaust nozzle exit area, 2 xhgxwg 
Aerodynamic effective area 

Total mixed-flow area, A p g + A s $ = 2x hmix xwg-2nx (hmi x - h$) xw p % 
Primary nozzle throat area, (h% - k gap ) x w p $ x 2n + 2 x h gap x wg 
Suppressor exit plane area, (h m i x - h gap ) x w 5 g x 2n 
Secondary flow area at throat plane, (h^ - h gap ) xw s gx2n 
Aerodynamic Research Laboratory (GEAE facility) 

Convergent/divergent 

Primary nozzle flow coefficient: ratio of actual mass flow to the ideal mass flow 

Chute expansion ratio: ratio of the primary flow area at the suppressor exit to the 
primary throat area, A p $g / A p g 

Computational fluid dynamics 

Thrust minus nozzle drag coefficient: ratio of measured nozzle thrust minus drag 
to the primary nozzle ideal thrust, (F-D mz ) / F, 

Nozzle thrust coefficient or coefficient of gross thrust: ratio of measured exit 
gross thrust to ideal gross thrust 

Climb to cruise 

Total drag, Ibf 

Characteristic length scale, such as jet diameter 
Nozzle drag 

Extra ground attenuation 

Effective perceived noise decibel 

Effective perceived noise level based on PNLT, dB 

Thrust, Ibf 

Frequency, Hz 
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F-D 
F— D noz 
Fi 

F n 

GEAE 

h 

h 8 

hex 

hgap 

hjr. or h m ix 

HSCT 

L 

LDV 

L e j 

L2F 

LV 

M 

Mq 

MAR 

M c 

MCW 

MFTF 

M p 

MPA 

M s 

M t 

n 

NPR 

MPR C 

P 

PLR 


Measured thrust minus drag corrected for balance tares 
Measured thrust minus nozzle drag 

Primary nozzle ideal thrust based on measured weight flow rate, W p xVj 

Net thrust, F-D 

GE Aircraft Engines 

Height (usually half height), inches 

Chute height from centerline at throat plane 

Half height of nozzle from centerline to flap trailing edge (exit) 

Half height at ejector exit 

Half height from nozzle centerline to suppressor chute foot 
Chute height from nozzle centerline at mixing plane 
High Speed Civil Transport 
Length, in 

Laser doppler velocimeter (or velocimetry) 

Ejector length (divergent flap) 

Laser two-focus (velocimeter system) 

Laser velocimeter 

Mach number (free-stream unless otherwise designated) 

Free-stream Mach number, calculated 

Mixing area ratio: ratio of mixer exit to inlet area, Ag / A m i x 

Eddy convection Mach number 

Mini center wedge; a short wedge that blocks off the hot central streak of the 
nozzle 

Mixed-flow turbofan 
Primary chute Mach number 
Model preparation area 
Secondary chute Mach number 
Mixing effectiveness 

Number of chutes in each half of suppressor 
Primary nozzle pressure ratio: calculated as P tp / Pq 
Critical primary nozzle pressure ratio 
Static pressure, psia 
Program lapse rate 
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PNdB Perceived noise decibel 

PNL Perceived noise level, dB 

PNLT Tone-corrected perceived noise level, dB 

Pt Total pressure, psia 

Pto Free-stream total pressure, measured 

Pjp Primary nozzle inlet total pressure, measured 

?Ts Secondary inlet total pressure, measured 

SAR Suppressor area ratio: ratio of mixed-flow area to primary nozzle throat, A m i x / A p % 

SPL Sound Pressure Level, dB 

RC Reference conic (exhaust nozzle) 

T Static temperature, °R 

To Free-stream static temperature, calculated 

Tg Nozzle throat static temperature 

TCW Treated center wedge; a long wedge that blocks the hot central streak, extends the 

full length of the nozzle flap (120 inches in full scale), and has acoustic treatment 
on the top and bottom sides of the wedge 

TOGW Takeoff gross weight, Ibm 

T- Total temperature, °R 

Ttq Free-stream total temperature, measured 

Tts Total temperature at nozzle throat (primary jet) 

T Tp Primary nozzle inlet total temperature, measured 

Tt s Secondary nozzle inlet total temperature 

V Flow velocity, ft/s 

V 0 Free-stream velocity (simulated flight speed) 

VCE Variable-cycle engine 

Vj Primary nozzle ideal jet velocity, ft/s, calculated based on NPR and Tj 8 

W Fluid flow, Ibtn/s 

w Width, in 

wg Exhaust system width from sidewall to sidewall 

W s Secondary inlet flow, calculated 

Wj Total nozzle flow rate: W p + W S 

W p Primary nozzle flow 

W p i Primary nozzle ideal flow, calculated 
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X Major axis of model and measurement array; forward/aft direction 

Y Vertical axis of model and measurement array; top/bottom, row-to-row, or 

flap-to-flap direction 

Z Horizontal axis of model and measurement array; span wise, chute-to-chute, or 

sidewall-to-sidewall direction 

y Ratio of specific heat at constant pressure to specific heat at constant volume 

to Pumping ratio: ratio of secondary to primary flow rates, W s /W p 

co Jx Corrected pumping ratio, (W s / W p ) y (Tj s / Tj p ) 

0 Polar directivity angle measured from the inlet axis, degrees 

<j> Azimuthal angle measured from the nozzle major axis, degrees 


0 

2 

7 

8 
9 

89 

oo 

ej 

f 

noz 
mix, m 

P 

S 

s 

T 

X 

y 

z 


Free stream 
Fan inlet 

Exhaust nozzle inlet 
Nozzle throat 
Nozzle exit 
Suppressor exit 

Ambient: static air conditions outside the engine 

Ejector 

Flap 

Nozzle 

Mixing plane 

Primary chute 

Static 

Secondary chute 
Total 

Forward/aft direction (X axis) 

Vertical direction (Y axis) 

Horizontal (chute-to-chute) direction (Z axis) 
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